Abstract: Empirical data and statistical models are employed to predict where new highway routes are most likely to be located. The land use, population distribution, and highway network for the Twin Cities' Metro Area from 1958 to 1990 are used. Binary logit models estimate the likelihood a particular cell will see the construction of divided highways and secondary highways. The results show that the area's land-use attributes and population density levels do significantly affect the likelihood of adding new highway routes.
Introduction
Determining where new rights of way will be located or which existing routes will be widened is a problem of significant importance to any effort to understand, forecast, and plan the growth of cities. However, models of network growth are few in number, most are theoretical or conceptual ͑e.g., Taaffe et al. 1963; Helbing et al. 1997; Yamins et al. 2003; Yerra and Levinson 2005; Levinson and Yerra 2006͒ , while only a few are empirical ͑Garrison and Marble 1962 Marble , 1965 Levinson and Karamalaputi 2003a,b͒ . As a result, there is little guidance for researchers or professionals about the significant variables or the magnitude of relations between those variables that explain network investments. This study employs available empirical data and statistical models to test the factors that explain where new highway routes are most likely to be built. Binary logit models estimate the likelihood that divided highways and secondary highways will be constructed in particular small geographic cells based on land use, population distribution, and highway network data. This analysis is intended to test particular hypotheses regarding the effect of land use and population on network investment, rather than form a general model of network growth. In the following sections, the data for modeling divided highways and secondary highways are described, and the hypotheses, models, and results are presented sequentially.
Description of Data Sets
High-quality geographic information system ͑GIS͒ maps were digitized from paper maps for this study ͑Twin Cities Metropolitan Council 1958 Council , 1968 Council , 1978 ; Minnesota Department of Transortation 1962 Transortation , 1965 Transortation , 1968 Transortation , 1971 Transortation , 1975 Transortation , 1978 Transortation , 1981 Transortation , 1985 Transortation , 1990 ; US Census Bureau 1960 , 1970 . The study period begins with 1958 when the earliest land-use map was created for the Twin Cities Metro Area. Then a lattice layer composed of 30,729 square cells ͑0.141 km 2 ͒ ͑375 m / side͒ is created. Each of the population distribution layers, land-use layers, and highway network layers are merged into the lattice layer, so that each cell of the lattice layer contains the spatial information of population, land use, and highways.
Each cell can be viewed as one observation. Land use, population distribution, and highway network data from the base years and highway network data from the test years will be used in the models to estimate the probability that new highway growth will occur in a cell. Table 1 summarizes the base year and test year data.
Divided Highways

Hypotheses
Hypotheses of the growth tendency of divided highways are presented as follows.
Agglomeration. Agglomeration is the phenomenon of roads of a particular class being built near ͑or connecting to͒ similar roads. The agglomeration of divided highways includes both the emergence of alternative routes and also the extension of the existing corridors. First, as major commuting corridors, divided highways typically locate near regions with relatively intense economic activities. Moreover, divided highways may lead to further economic development nearby, which means more traffic demand in the neighborhood of existing corridors. Second, connectivity induces the further extension of existing corridors or the addition of new links adjoining the old ones. After new routes appear, the boosted economic activity and traffic growth nearby may lead to another round of agglomeration growth.
Generally we expect that cells neighboring existing divided highways are more likely to exhibit network growth. To test the hypothesis of agglomeration, a 0.5-km buffer area of the existing divided and undivided highways is made. ͑The reason for includ- ing undivided highways is that undivided highways may be upgraded to divided highways.͒ Variable A = 1 if the observed cell is within or intersects the buffer area, otherwise A = 0. The cells with A = 1 should be associated with higher growth than the cells with A =0. Population Density. Cells are classified into four area types, P S ͓sparsely populated ͑0-50 people/cell͔͒; P L ͓͑low population ͑51-100 people͔͒; P M ͓medium population ͑101-300 people͔͒; and P H ͓high population ͑more than 300 people͔͒. We expect networks are more likely to expand in low and medium populated areas than sparsely or highly populated areas. For high-density areas, although their neighboring areas may have more traffic demand, they are usually associated with high land prices and costly relocation. Therefore, the final decision of route development in high-density areas should balance demand, costs, and the availability of cheaper alternative routes. Employment Zones. As mentioned before, divided highways mainly serve commuting traffic. Therefore, we expect the further growth of divided highways tends to be close to employment zones. To test this hypothesis, variable U E = 1 if the observed cell is within or intersects employment zones, otherwise U E = 0. The cells with U E = 1 should have a higher probability of divided highway growth than the cells with U E =0.
Commercial Zones. We expect that commercial zones and their neighborhood are associated with more network growth. To test this hypothesis, variable U C = 1 if the observed cell is within or intersects commercial zones, otherwise U C = 0. The cells with U C = 1 should have a higher probability of divided highway growth than the cells with U C =0. Agricultural Areas. Variable U A is defined as the share of agricultural areas within each cell, and we expect that agricultural areas are negatively associated with route growth. However, it should be noted that although agricultural areas typically have low traffic demand, they are also the areas of low land prices; furthermore, one purpose of divided highways is to connect urban and suburban areas and spur economic development of the undeveloped areas. These factors may lead to route growth in the agricultural areas.
Water Areas. Water is a barrier for highway development. Variable U W is defined as the percentage of water area within each cell, and we expect that U W is negatively related to route growth.
Model
A binary logit model estimates the divided highway growth based on the population distribution, land use, and highway network data of the base years. It should be noted that the model estimates the probability of divided highway growth in each cell, but it does not estimate the extent of growth. The extent of growth is influenced by many factors ͑such as the direction of the highway segment, the connection with other links, the geographical or geological conditions, etc.͒ that cannot be controlled in this study but should be addressed in future research.
To diagnose potential multicollinearity, we examined the correlations among the variables and none of them was larger than 0.60. We did not find the symptoms of multicollinearity ͓such as inflated standard errors, excessive logit iterations ͑more than 10 or 15 times͒ or unreasonable statistical results of the critical independent variable͑s͒, etc.͔. So multicollinearity should not cause disturbance in this case.
Interaction terms have been tested. Since the addition of the interaction terms did not significantly improve the overall model performance and most of the interaction terms are insignificant, the interaction terms are not included in the final model. Of the models tested, the following model is the best in overall fit, and the regression results of the model are presented in Table 2 G
where G D ͑dependent variable͒ϭdivided highway growth, if from the base year to the test year there is growth in divided highways in the observed cell, G D = 1, otherwise G D =0; P S , P L , P M , and P H ϭpopulation-all the cells are classified into four groups, P S ͑sparsely populated area͒, P L ͑low population area͒, P M ͑medium population area͒, and P H ͑high population area͒; Aϭagglome-ration-if the observed cell is within or intersects the 0.5-km buffer area of the divided and undivided highways of the base year, A = 1, otherwise A =0; U E , U C , U A , and U W ϭland use-they are defined as follows: U E ϭif the observed cell is within or intersects employment zones ͑including airports͒ of the base year, U E = 1, otherwise U E =0; U C ϭif the observed cell is within or intersects commercial areas of the base year, U C = 1, otherwise 
Results
For the three models in Table 2 , the overall model is statistically significant at the 0.01 level according to the model chi-square statistic and the McFadden's R 2 ranges from 0.13 to 0.19. The cutoff point of the percentage of correct predictions ͑the value for determining whether an observation has a predicted positive outcome͒ is based on the number of the "observedϭ1" cells. All of the predictions are ranked from the highest to the lowest, then the top X ͑where X is equal to the number of the "observedϭ1" cells͒ are used as the "predicted= 1" set. Since a very small proportion of the cells is "observed= 1" ͑fewer than 2% for divided highways and fewer than 6% for secondary highways͒, we would expect to get a low sensitivity ͓Pr ͑predicted= 1 ͉ observed= 1͔͒ and a high specificity ͓Pr ͑predicted= 0 ͉ observed= 0͔͒.
The results of the predictors that test the hypotheses are summarized as follows: For population groups ͑P S , P L , P M , and P H ͒, the group with the lowest population density P S was dropped due to collinearity. The high-density group, P H, always has negative and significant results, which indicates that the high-density areas have a lower probability of divided highway growth than other areas. The low-density group P L and medium density group P M are always positive and significant, which indicates that low and medium populated areas have higher divided highway growth than other areas. These results accord with our hypothesis.
The coefficient on A is positive and significant for all the three predictions, which indicates that the new divided highways were more likely to emerge in the neighborhood of the existing corridors, and these results accord with the agglomeration hypothesis, the neighborhood of the existing corridors should be more likely to have new route development. Also for the 3-year growth prediction U E has the highest odds ratio 2.618, which means that the neighborhood of the existing corridors are 2.618 times more likely to have divided highway development than other regions.
U E is positive for all the three predictions and significant for the 3-year growth prediction. Since the closer the prediction the more accurate the result, we think this result generally supports the hypothesis that employment zones ͑including airports͒ have a higher likelihood of divided highway growth than other regions.
U C is positive and significant for all the three predictions, which indicates that commercial zones are related to a higher likelihood of divided highway growth than other regions.
U A is negative and insignificant in the 3-year and 10-year growth predictions and positive and insignificant in the 5-year growth prediction. We expected agricultural areas to be related to low growth probability since there is less traffic demand in these areas. But this can be overruled if the purpose of divided highway development is to connect urban and suburban areas and to spur economic development of the undeveloped areas. In addition, diverting from the highly urbanized areas saves construction costs. U W is negative and significant for all the three predictions, which supports the hypothesis that water areas should be negatively related to route growth.
D is positive and significant for all the three predictions, which indicates that the farther from downtown the higher the likelihood of divided highway growth.
Secondary Highways
Hypotheses
Secondary highways carry less traffic than divided highways but more than local roads, and are composed of undivided state, county, and municipal highways. The hypotheses about the growth of secondary highways are summarized as follows.
Urban Settlements
Secondary highways serve local traffic, they are the proximate and ultimate connecting highways of urban settlements, so the growth of secondary highways should be related to the settlement areas, which include residential areas, commercial areas, industrial areas, institutions, offices, airports, and transportation infrastructure. We expect that the cells with larger settlement areas are more likely to have secondary highway growth. To test this hypothesis, the percentage of urban settlement areas within each cell is used as an independent variable U S , and we expect this variable to be positively and significantly related to the probability of secondary highway growth.
Percentage of Water and Agricultural Areas within Each Cell
The percentage of water areas should be negatively related to the secondary highway growth probability, but we do not expect a similar relationship for agricultural areas. Agricultural areas demand product transport, and agricultural areas usually have no major ͑interstate or divided͒ highways, so secondary highways are the only commuting routes. On the one hand, the cells with a higher percentage of agricultural areas have less urban settlements and less traffic demand, which may lead to less secondary highway growth; on the other hand, however, secondary highways are more relied on in the agricultural areas for product transport and commuting service due to the lack of higher hierarchical highways, which may lead to secondary highway growth.
Model
As with divided highways, logit models are used to predict secondary highway growth based on the population distribution, land-use, and highway network data of the base years. No multicollinearity symptom has been found in the results, so we conclude that multicollinearity is not a problem in this case. Of the models tested, the following model is the best in overall model fit, and the regression results of the model are presented in Table 3 G
where G S ͑dependent variable͒ϭsecondary highway growth, if from the base year to the predicted year there is growth in secondary highways in the observed cell, G S = 1, otherwise G S =0; U S ϭpercentage of urban settlement within each cell; here, the urban settlement include residential areas, commercial areas, industrial areas, institutions, offices, airports, and transportation infrastructure. The definitions of the other predictors are the same as those for divided highways.
Results
Of the three predictions in Table 3 , the overall model is significant at the 0.01 level according to the model chi-square statistic and the McFadden's R 2 ranges from 0.05 to 0.08. U S is always positive and significant, which supports our hypothesis that cells with larger settlement areas are more likely to have secondary highway growth. Both employment zones ͑U E ͒ and commercial zones ͑U C ͒ have a high likelihood of secondary highway growth. Water area and their neighborhood ͑U W ͒ always have low probability of growth. The agricultural area ͑U A ͒, however, is positive and significant for all the predictions which indicates that agricultural areas are associated with a high likelihood of secondary highway growth. This result may be explained by the fact that secondary highways are more relied on in the agricultural areas for product transport and commuting service due to the lack of primary roads.
Summary and Conclusions
The study uses several decades of data from the Twin Cities Metropolitan Area to identify the land use cells that are most likely to add infrastructure ͑new divided and undivided highways͒ based on their existing state.
The results show that land-use attributes and population density level do significantly affect a cell's likelihood of adding new highway routes. New highway routes are more likely to be close to employment and commercial zones than other land-use types. Areas adjoining existing corridors have a higher likelihood of new route development. Low and medium population density areas have more highway growth than sparsely populated areas. High density is a negative for the growth of divided highways but not secondary highways. The farther from downtown, the higher the likelihood of highway growth. Cells with a higher percentage of urban settlement areas are more likely to have secondary highway growth. Agricultural areas are also associated with a high likelihood of secondary highway growth, which may be due to their high reliance on secondary highways for product transport and commuting service.
The results presented here establish that a significant portion of highway growth can be explained with easily measured variables. The success in explaining some portion of network investment suggests such decisions are not entirely political, rather investment decisions are directed based on land use factors that are in part market related. On the other hand, the limited explanatory power of the model suggests that there are other factors at work, which do include politics as well as other unmeasured variables. It is important to note that particular statistical measures ͑like R 2 ͒ could be arbitrarily improved by increasing cell size, without improving the real ability of the model to aid in forecasting. Future research should be directed at uncovering additional measurable factors that explain network growth decisions, and is necessary before such models are suitable for forecasting or scenario testing.
